Magnetic resonance (MR) imaging with axial loading can simulate the physiological standing state and disclose spinal stenosis undetected or underestimated in the conventional position. Intervertebral disk degeneration may be an important factor in spinal stenosis. This study investigated whether intervertebral disk degeneration increases spinal stenosis during axial loading. MR imaging with and without axial loading was obtained in 51 patients with neurogenic intermittent claudication and/or sciatica and reviewed retrospectively. The grade of disk degeneration was rated in four disk spaces from L2-3 to L5-S1. The dural sac cross-sectional area (DCSA) was measured on MR images taken in both conventional and axial loading positions, and the change in the DCSA was calculated. The effect of disk degeneration on the DCSA was statistically analyzed. Significant decreases in the DCSA occurred with grade 4 disk degeneration (mean ± standard deviation, 20.1 ± 14.1 mm 2 ), followed by grade 3 (18.3 ± 15.1 mm 2 ) and grade 2 (8.9 ± 13.1 mm 2 ). DCSA decreased considerably with increased severity of disk degeneration with axial loading, except for grade 5 disk degeneration. More accurate diagnosis of stenosis can be achieved using MR imaging with axial loading, especially if grade 2 to 4 disk degeneration is present.
Introduction
Patients with spinal stenosis experience changes in their symptoms during certain activities or in different postures. The most common symptoms of lumbar spinal stenosis include neurogenic intermittent claudication (NIC), lower limb pain, numbness, paresthesia, and weakness. These symptoms are aggravated by standing, activity, and spinal extension, and relieved by sitting or spinal flexion. In general, lumbar flexion or a relaxed supine position with slight hip flexion will alleviate symptoms whereas standing or walking will provoke or aggravate symptoms. Forward flexion or a supine, psoasrelaxed position is well known to increase available space within the lumbar spinal canal, whereas walking or standing causes axial compression in the extension position that can provoke narrowing of the spinal canal. 2, 23, 24) This dynamic phenomenon suggests that imaging techniques should be performed in the erect, extended position. 19) Magnetic resonance (MR) imaging of the spine is usually performed in a psoas-relaxed position, that is with the patient in the most comfortable supine position, with hips and knees flexed. Clearly, MR imaging in this position may not represent the state of the spinal canal during walking or standing, when the patient usually experiences symptoms, so carries considerable risk of underestimating or even missing stenosis of the spinal canal. Previously, MR imaging with axial loading, intended to achieve spinal alignment and loading similar to the standing position, has been recommended to simulate the lumbar spine in a standing state, in addition to conventional MR imaging. 5, 6, 11, 20, 25, 26) Most humans older than 30 years show degenerative changes in the intervertebral disks. 14) Disk degeneration results in reduced hydration capacity and more fibrosis of the nucleus pulposus, leading to lower intradiscal pressure, 21) so the compressibility of the nucleus is increased during physiological axial loading state. 7, 13, 18) This may lead to increased redundancy of the discal, ligamentous, and meningeal tissues of the spine, resulting in increased cen- Aggravation of Spinal Stenosis During MR Imaging With Axial Loading tral canal and lateral recess stenosis. 10) The present study evaluated the influence of intervertebral disk degeneration on central canal stenosis in the axial loaded state by comparing the dural sac cross-sectional area (DCSA) measured by MR imaging with and without axial loading.
Materials and Methods
Fifty-one patients, 27 women and 24 men aged 21-77 years (mean 51 years), with low back pain, NIC, and/or sciatica persisting for 2 weeks to 5 years (mean 11 months) who underwent MR imaging in the conventional psoas-relaxed and axial loading positions between July 2005 and February 2007 were retrospectively reviewed. None of the patients had prior history of lumbar surgery. Chief complaints were low back pain in one patient, sciatica in 36 patients, and NIC in 14 patients. A total of 157 disk levels were involved, including 20 L2-3 levels, 42 L3-4 levels, 50 L4-5 levels, and 45 L5-S1 levels. The Institutional Review Board approved the study.
MR imaging was performed with and without axial loading. All patients were first examined in a supine, psoas-relaxed position with a pillow under the knees to flex the hips and knees slightly (Fig. 1A) , then with axial loading in the supine position with hips and knees extended (Fig. 1B) . MR imaging was performed with a 1.5-T system (Magnetom Symphony; Siemens, Munchen, Germany) using a surface coil with repetition time/echo time 717/12 msec for sagittal and axial T 1 -weighted images, 4500/132 msec for sagittal T 2 -weighted images, and 3700/120 msec for axial T 2 -weighted images. The image matrix was 512 × 299, field of view was 300 × 300 for sagittal images and 240 × 240 for axial images, the section thickness was 4 mm, and the intersection gap was 0.2 mm. The transverse MR imaging slices were oriented parallel to the endplate and at equal intervals as far as possible.
Axial loading was applied with a commercially available device (Dyna Well L-spine; Dyna Well Int. AB, Billdal, Sweden), approved by the United States Food and Drug Administration, to simulate the lumbar spine in an upright, axial loaded position (Fig.  1B) . This device consists of a harness/jacket with straps connected to a footplate and a compression device. The patient wears the harness/jacket and lies in the supine position. The feet are placed against the footplate and the axial load is applied through the side straps by turning the adjustment knobs. Approximately 50% of the patient's body weight is applied, distributed equally between the legs. 5, 9, 11, 16, 21, 26) The load was applied for at least 5 minutes 5, 9) and then MR imaging was performed using the same protocols as in the conventional position. During the examination, the patients were asked regularly about pain in the back or legs.
The DCSA was measured at 4 disk levels between L2-3 and L5-S1 on the images selected in which the DCSA seemed to be the smallest at each disk and lateral recess level. 25) The most comparable MR images taken in the conventional and axial loading positions were selected by careful inspection of nerve roots, surrounding soft tissues, and bony structures such as facet joints and lamina 5, 26) by a neurosurgeon and a neuroradiologist. The DCSA was determined on axial T 2 -weighted images using the standard measurement tools provided in the software (PiView TM ; INFINITT Co., Ltd., Seoul, R.O.K.) (Fig. 2) . The DCSA was measured three times on each image separately at intervals of several weeks, and the mean value was used to reduce measurement errors. 5, 6) Changes in the DCSA between the conventional and axial loading positions were calculated.
Disk degeneration was also assessed on midsagittal T 2 -weighted images according to the proposed grading system. 17) Grade 1 is a homogeneous, bright and white-looking disk, grade 2 is an inhomogeneous disk with or without horizontal bands, grade 3 is a gray disk with unclear distinction of the nucleus and annulus, grade 4 is a gray to black disk with no distinction of the nucleus and annulus, and grade 5 is a black disk with collapsed disk space. Disk degeneration was graded separately by a neurosurgeon and a neuroradiologist. Both observers rated the grade of disk degeneration twice with an interval of several weeks. The intra-observer and inter-observer reliability was evaluated.
The effect of disk degeneration on the DCSA change between conventional and axial loading positions was evaluated. Data were analyzed with a software program (SAS version 8.1; SAS Institute Inc., Cary, N.C., U.S.A.). Change in the DCSA be- tween conventional and axial loading positions was evaluated within the same grade of disk degeneration using the paired t-test and the Wilcoxon signed rank test. Change in the DCSA between the grades of disk degeneration was evaluated using the analysis of variance test and two sample t-tests. Intra-observer and inter-observer reliability were investigated using the kappa test. A p value of less than 0.05 was considered statistically significant.
Results
Evaluation of disk degeneration at 157 disk levels in the 51 patients identified 1 (0.6%) disk with grade 1, 29 (18.5%) disks with grade 2, 48 (30.6%) disks with grade 3, 68 (43.3%) disks with grade 4, and 11 (7.0%) disks with grade 5. Assessment of inter-observer reliability (k ＝ 0.86, k ＝ 0.87) and intra-observer reliability (k ＝ 0.84) demonstrated excellent agreement (kappa values between 0.81 and 1.00 indicate excellent agreement 12) ). There was only one disk with grade 1 degeneration, so statistical analysis was performed for grade 2, 3, 4, and 5 disk degeneration. The findings of DCSA change are given in Table  1 . DCSA decrease under axial loading most frequently occurred with grade 4 disk degeneration (89.7%), followed by grade 3 (85.4%). DCSA showed significant differences between conventional and axial loading positions with grade 2, 3, and 4 disk degeneration (p º 0.01), but not with grade 5 (p ＝ 0.14). The most significant decrease in DCSA occurred with grade 4 (mean ± standard deviation, 20.1 ± 14.1 mm 2 ), followed by grade 3 (18.3 ± 15.1 mm 2 ) and grade 2 (8.9 ± 13.1 mm 2 ). Figure 3 shows percentage of DCSA reduction after axial loading. Comparison of DCSA in groups with different grades of disk degeneration showed statistically significant differences between grades 2 and 3 (p ＝ 0.01), grades 2 and 4 (p º 0.01), grades 3 and 5 (p ＝ 0.01), and grades 4 and 5 (p º 0.01).
Discussion
Many authors have reported the usefulness of MR imaging with axial loading using a compressive device. MR imaging with axial loading can disclose pathological features including central spinal stenosis not detected by conventional MR imaging. For example, 29 of 34 patients demonstrated significant DCSA reduction, to lower than 100 mm 2 . 26) Similar results were also reported. 6) Lumbar DCSA below 75 mm 2 indicates absolute central stenosis, below 100 mm 2 indicates relative central stenosis, and between 100 and 130 mm 2 indicates early stenosis. 3, 8, 22, 26) The reduction in DCSA between MR imaging in the con- Aggravation of Spinal Stenosis During MR Imaging With Axial Loading ventional and axial loading positions was more pronounced in older subjects than in asymptomatic, young subjects. 5) Occult nerve root compression could be identified by MR imaging with axial loading, but not with conventional MR imaging in the supine position. 20) MR imaging with axial loading provides additional information, including deformation of the dural sac, increased disk protrusion, and visualization of synovial cyst. 9) Such information may encourage experienced neurosurgeons to change treatment plans in significant numbers of patients. However, MR imaging with axial loading should be avoided in patients with vertebral fracture, severe osteoporosis, or other pathological conditions, so all patients should be first evaluated by MR imaging in the conventional position. 5, 25) Some patients complain of severe back pain or sciatic pain during axial loading. In our institution, axial loaded MR imaging could not be completed in about 10% of patients due to back pain or sciatic pain.
Measurement of the DCSA is the most accurate method to determine central lumbar stenosis. 3) Many authors have used the DCSA as a standard diagnostic method to estimate central canal stenosis. 4, 6, 8, 19, 26) Comparison of measurements of the anteroposterior diameter of the bony canal by computed tomography, the anteroposterior diameter of the dural sac by myelography, and the cross-sectional area of the dural sac by computed tomography with surgical findings in 24 patients with a clinical diagnosis of central canal stenosis revealed that DCSA measurement was the most accurate and effective method to diagnose central canal stenosis. 3) Disk degeneration is associated with reduced hydration capacity of the nucleus pulposus with more fibrotic appearance and less effective resistance to compressive forces in the spine, 15, 18) leading to decreased disk height and less taut annulus fibrosus, with consequent diffuse disk bulging and inward buckling of the ligamentum flavum. 19, 27) In vitro studies have shown that degenerated disks have less water content and reduced volume of the nucleus pulposus, resulting in decreased intradiscal pressure and increased compressibility of the nucleus. 1) In addition, the laxity of the anterior and posterior longitudinal ligaments allows greater tensile deformation of the disk in a degenerated disk. Intradiscal pressure measurements in normal and degenerated disks found reduced intradiscal pressure with increasing degeneration. 18, 21) The height of intervertebral disk is also reduced with increasing disk degeneration, which causes decreased forces in the ligamentum flavum and posterior longitudinal ligament, and eventually ligament buckling. 18) With disk degeneration, the spine may collapse into itself T.-J. Ahn et al.
under physiological axial loading, which is termed spinal column telescoping, leading to increased redundancy of the disk, ligaments, and meningeal tissues of the spine. 10) Spinal stenosis has many etiologies including disk herniation, ligamentum flavum thickening or buckling, facet joint hypertrophy, and even facet joint cyst, but this study focused on the severity of disk degeneration and axial loading of the spine. The decrease of DCSA measured by MR imaging in the conventional and axial loading positions was statistically significant at grades 2, 3, and 4. Grade 5 disk degeneration corresponds to collapse of the disk space, so the axial loading position may not have clear advantages over the conventional position. However, increased severity of disk degeneration from grades 2 to 4 was reflected in decreased DCSA under axial loading (Fig. 2) .
This study included only one case of grade 1 degeneration, so comparing normal with degenerated disks was not possible. Most MR images were obtained in middle to older aged individuals with lumbar problems, so few normal disks were observed. Investigation of asymptomatic, young individuals may be helpful.
Analysis of 157 disk levels in 51 patients demonstrated that the DCSA decreased considerably with increased severity of disk degeneration as measured by comparing MR imaging in the axial loading and conventional positions. Grade 5 disk degeneration demonstrated no difference. More accurate diagnosis of spinal stenosis could be achieved with axial loading, especially if advanced disk degeneration is present, except for grade 5 disk degeneration.
